Population ecologists have traditionally focused on the patterns and causes of population variation in the temporal domain for which a substantial body of practical analytic techniques have been developed. More recently, numerous studies have documented how populations may fluctuate synchronously over large spatial areas; analyses of such spatially extended time-series have started to provide additional clues regarding the causes of these population fluctuations and explanations for their synchronous occurrence. Here, we report on the development of a phase-based method for identifying coupling between temporally coincident but spatially distributed cyclic time-series, which we apply to the numbers of muskrat and mink recorded at 81 locations across Canada. The analysis reveals remarkable parallel clines in the strength of coupling between proximate populations of both species-declining from west to east-together with a corresponding increase in observed synchrony between these populations the further east they are located.
L
arge-scale synchrony in animal populations has become a key issue in ecology (1-6) and many cyclic populations have been shown to fluctuate more or less synchronously on the basis of cross-correlation analyses, bispectral analysis, and other methods (7) (8) (9) (10) (11) . Documenting patterns in the spatiotemporal dynamics of populations is an essential prerequisite to developing an understanding of underlying processes (12) . However, to achieve this understanding, mechanistically discriminating models need to be developed and fitted to these spatiotemporal data to assess which of the various processes contribute the most to the maintenance of large-scale synchrony (3, 13, 14) . For instance, is synchrony primarily maintained at a uniformly high level because of some constant level of coupling between populations (by which we mean any process by which cycling populations are moved toward synchrony)? Or, are populations mostly uncoupled? Do they drift out of synchrony, but occasionally are brought back into high levels of synchrony by intermittent extremes in environmental conditions? A method for distinguishing between such processes would facilitate the identification of the ultimate underlying explanations for observed patterns in spatiotemporal population dynamics. By using fur-return records of mink (Mustela vison) and muskrat (Ondatra zibethicus) from the Hudson Bay Company collected at 81 stations across Canada from 1925 to 1949 (Fig. 1, refs . 15 and 16, and Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org.), we explore phase-coupling and synchrony in this predator-prey system.
One approach to the measurement of synchrony among cycling populations relies on the computation of correlations of the counts (or their logs). A problem with this method is that phase effects are confounded by the correlation structure of the amplitudes within the collection of time-series. If these amplitudes are fairly uniform or highly correlated, then phase correlation may be measurable by this method. Otherwise, the method breaks down, because phase synchrony is masked by amplitude variation. Another shortcoming of the method is that it fails to measure the dynamics of phase coupling.
To avoid the confounding effect of amplitudes, our approach is first to transform each time-series of counts into a time-series of phases. We ask whether phase increments at each station proceed independently of each other, or whether phase increments are coupled to phase increments in other populations of the same species. Evidence of spatial coupling is indicated if populations that are lagging behind the regional average show a tendency to catch up, or if those leading the regional average tend to be pulled back. Note that this coupling is not simply related to any interaction between the predator with prey. The frequency of coupling, which may occur annually or less frequently, then may be identified. The details of the analysis are reported in (17) ; hence, only a brief outline is presented here.
When a cyclic time-series, X t (t ϭ 1 . . . n), is plotted in a state-space defined by (log X t , log X tϩ1 ), it is represented by a series of orbits. The phase, i,t (0 Յ i,t Ͻ1), of the population of each species at the ith station (i ϭ 1 . . . s) at time t is measured as the proportion of the orbital circumference circumscribed by time t as measured relative to the position on the orbit of the last cyclic trough. We assume the discrete time-phase increment (in this case, assumed to occur annually) is described by a deterministic function denoted g i,t , with an identical and independently distributed noise term denoted by i,t Ј , thus we can write:
Let ⌬( i,t ,x) denote the phase difference between i,t and phase x (which will be positive if i,t leads x and negative if i,t lags x). We introduce a definition of central (or mean) phase, t , defined to be a solution of ͚ iϭ1 s ⌬( i,t , t ) ϭ 0, over a collection of phases i,t (i ϭ 1, . . . , s, for each fixed t). We can now introduce coupling between the s stations which we assume to be constant in strength at each of the discrete time-points (or in the intervals between time-points) and uniform among stations. This coupling may be expressed as a link between the overall mean phase across the s stations and the phase at each station and has the effect of drawing back populations that lead the overall average and pulling forward populations lagging behind the overall phase. Coupling between each population and the average of all populations can be shown to be equivalent to the more familiar form:
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The coupling parameter c is 0 in the absence of any coupling, whereas 0 Ͻ c Յ 1 indicates coupling of phases. If coupling is of constant and uniform strength, then a recursive equation for the time-evolution of ⌬( i,t , t ) may be written as:
where i,t now represents a noise term related to the original noise term in the annual phase increment. When c ϭ 0, Eq. 3 expresses that the change in ⌬( i,t , t ) from t to tϩ1 is random. When c Ͼ 0, phases leading the average phase tend to be drawn back toward this average, and phases lagging behind tend to be pulled forward toward the average. Eq. 3 defines a vector-valued variant of a first-order autoregressive process, and estimators applicable to standard first-order autoregressive processes may be used to estimate (1Ϫc) and the variance of the noise term, 2 , from the regression of
Because values of ⌬( i,t , t ) are centered, the expression
is a variance measure of phase asynchrony over the set of s stations at each time t. If populations are fully phaserandomized, then their distribution over the unit phase would be uniform with variance 1͞12. The extent to which the quantity A, the average of A t over the time-series, is less than 1͞12 is, thus, a measure of overall asynchrony in the phase data. We observe coupling from Eq. 3 and measure synchrony by Eq. 4. If A t is small, there are three possible explanatory hypotheses, identifiable in terms of the autoregressive process, that, either alone or in some combination, could contribute to phase synchronization: HYPOTHESIS 1. Synchrony may be maintained by invariant coupling of phases, in which case ͉ ⌬( i,tϩ1 , tϩ1 ) ͉ generally would be less than ͉ ⌬( i,t , t ) ͉ , and regressing ⌬( i,tϩ1 , tϩ1 ) on ⌬( i,t , t ) would result in a slope less than 1, with residuals distributed symmetrically around this best-fitting-line (Fig. 2 A) . The 81 stations were divided into three groups (western, central, and eastern) according to their similarity in dynamic structure, which also corresponds to distinct geographic locations (ref. 18 ; unfortunately, the variation in the number of populations assigned to each group results in uneven statistical power available for estimating coupling across the continent). The majority of phase increments proceed independently of the overall average phase, giving rise to points that fall around a line of slope 1, but a few outliers arise from infrequent occasions on which ͉ ⌬( i,tϩ1,tϩ1) ͉ Ͻ Ͻ ͉ ⌬(i,t,t) ͉ , which result in the best fitting regression line having a slope of less than one. However, on eliminating points associated with large standardized residuals from the regression analysis, a slope of Ϸ1 would be recovered. A third possibility (not shown) is that the regression indicates no evidence of coupling at all, and the observed synchrony between phases must have arisen from synchronizing events that occurred before the interval over which data were collected. (C) The regression of ⌬( i,tϩ1,tϩ1) on ⌬(i,t,t) for muskrat in the eastern region. The slope of the best-fitting-line is 0.906, which is significantly less than 1 (see Table 1 Cyclic minima for each station were identified from temporally smoothed data for each station. For some cycles, multiple potential ''trough years'' were identified. One candidate point would be selected randomly for each cycle for each station, and phases, phase deviations, coupling, and synchrony would be estimated; the process was repeated with a new sample of potential candidate minima 2,000 times.
HYPOTHESIS 2. Individual populations' dynamics may proceed independently of each other most of the time (in which case
Our analysis reveals that muskrat and mink populations exhibit strikingly similar geographical patterns in their dynamics. For both muskrat and mink populations, the dynamics (within each species) seem to be essentially spatially uncoupled in the west, but become increasingly coupled along a gradient running west to east (Table 1, Fig. 3 ). Elimination of significant outliers does not alter the estimated coupling strengths (Table 1) ; thus, where coupling is detectable, it seems to be constant, which is consistent with Hypothesis 1. The regression analyses (see Fig.   2C for an example) reveal no patterns consistent with Hypothesis 2 in which synchrony might be maintained by intermittent but more substantial coupling (Table 1) .
Consistent with these results is a pattern of increasing spatial synchrony between populations from west to east for both muskrat and mink (Table 1) . Among western populations of mink and muskrat, A t is 1͞3 of its maximum value expected under the hypothesis of fully phase-randomized populations, and among eastern populations, A t is almost 1͞6 of this maximum value (Fig. 3) .
In the absence of phase coupling, we would predict that synchrony levels would decrease along the time-series in the west, but not in the central and eastern regions. Analysis reveals that spatial synchrony does, indeed, decrease linearly over time in the west for both mink and muskrat, but no such trends are exhibited by either species in central and eastern regions ( *The coupling parameter estimated using a choice of cycle troughs that minimizes the error-mean-square of the regression model (with standard error of slope estimated from regression in the usual way) based on a search of 2,000 resamples of cycle minima. † Significance of the coupling parameter reported in previous column (based on a t test of (c͞SE(c)). ‡ The slope of the same regression analysis with points associated with standardized residuals greater than ͉1.96͉ eliminated from the analysis (significance levels are unchanged). § The average coupling parameter from 2,000 resamples of cycle minima (in parentheses, standard error, computed as square-rooted averaged squared standard error of parameter estimates from each choice). ¶ Significance of the coupling parameter reported in previous column (based on a t test of (c͞SE(c)). The figure in parentheses is the % of trough resamples yielding slopes significantly less than 1. The variance of the residuals ( 2 ) associated with the best fitting regression model (almost identical to the average variance of residuals).
**The averaged measure of asynchrony along the time-series evaluated using the 2,000 resamples. The upper 95% confidence intervals of these variances (in parentheses) are all less than 1 ⁄12. Fig. 3 . Estimates of the coupling parameters c, and A for mink (left-most points) and muskrat (right-most points) populations in the three geographic regions. The error bars shown are one square-rooted average of the squared standard-error terms for parameters estimated from 2,000 resamples of candidate cyclic minima.
2D), which is exactly the pattern anticipated if coupling was, indeed, weakest in western populations and strongest in central and eastern populations. Our analysis reveals remarkable parallels in the spatial dynamics of muskrat and mink populations. First, there is a cline in the phase coupling between sets of populations in the three identified geographic regions of Canada that increases from west to east. Second, consistent with this observation, populations of both species are less synchronous in the west than they are in central and eastern regions. Third, as expected in the absence of coupling, synchrony seems to decline significantly in the west over time in both species, whereas in central and eastern regions, where coupling is identified, synchrony levels are stable over time.
As is the case for the other regions, western populations exhibit significantly less asynchrony than expected under the hypothesis of random phase alignment (Table 1 ), yet our analysis reveals no significant evidence of coupling having occurred over a 25-year period in the western region. Hence, coupling in the west seems to be infrequent but might be substantial when it occurs. In the absence of coupling, asynchrony starts to accumulate in an initially synchronous population at the rate of approximately 2 per year, suggesting that the last synchronization event in the west may have been up to 5 years before the start of data collection, or sometime between 1920 and 1925 (data from British Columbia indicate that the 2nd largest increase in mink returns last century occurred over the years 1920 and 1921, which is suggestive of some real phenomenon).
Observed values of 2 suggest that fully synchronized populations will become randomly phase-aligned within about 3 decades in the absence of any coupling. In the central region, spatial coupling seems to be more continuous in nature, becoming stronger still in eastern regions. Observed levels of coupling here result in the elimination of about 15% of phase asynchrony per year (in the absence of phase noise, residual phase asynchrony would have a half-life of about 5 years).
Our analysis addresses, of course, only the proximal causes of these differences in regional phase dynamics-the ultimate explanations require further study. Significantly higher crosscorrelation coefficients between the time-series of these fur returns from stations less than 450 km from each other have been identified (19) , implying some localized basis for coupling. Whereas there are no latitudinal trends evident in the data, there are longitudinal differences in the length of time that mink dynamics lag behind those of muskrat: in the east, the two species cycle in phase, whereas in central and western regions, mink lag 1-2 years behind muskrat in their 8-10 year periodic density cycles (19, 20) . This fact is indicative of differences in the predator-prey relationship between the two species. However, the very similar patterns of coupling identified in populations of these two species is highly suggestive of some common synchronizing agent.
The North Atlantic Oscillation (NAO) is known to affect climate and related ecological processes differently in the three regions (21) . Mechanistically, the effect of the NAO may work through its determination of spring conditions. During years of this analysis, Charles Elton coordinated the mailing of questionnaires to each Hudson's Bay fur post regarding causes for changes in the abundance of furbearers (see ref. 7). The most common comment recorded among eastern posts was the occurrence of declines in muskrat numbers during spring f loods in years of heavy ice. The timing of thawing and f looding will inf luence the duration of the available breeding season, which will bear directly on the breeding success of muskrat (whereas mink have only one litter per year, muskrat may have as many as five; ref. 22) . Covariation between the NAO and winter temperature is negative in eastern Canada, positive in central Canada, but not significant in western Canada, which would be inf luenced by the Pacific climate system. Interestingly, a regime shift (relating to precipitation of run-off from rivers along the Pacific coast) occurred during the period 1920 -25 (23, 24) -the period during which we have hypothesized that some synchronizing agent may have acted on western populations (a similar shift occurred toward the end of the period for which we have data but which, presumably for this reason, is not ref lected in our data). These observations are, however, only an indication of the possible role of climate in the determination of synchronization, which should be explored further with additional data and analyses. There is no doubt that the three regions are quite distinct topographically as well as climatically; perhaps the more mountainous terrain of western Canada disrupts coupling between populations that serves to maintain synchrony in the more permeable landscapes further east.
It remains possible that if climatic conditions across sites are more highly correlated in the east than in the west-perhaps caused by the presence of large-scale climatic variations such as the NAO-trapping conditions also might be correlated similarly, thereby influencing the ease with which both muskrat and mink are captured across neighboring sites. Unfortunately, such a mechanism is not easily distinguished from one in which the NAO affects mink and muskrat numbers directly, so this hypothesis remains only speculation.
In conclusion, we have demonstrated a clear geographic structure in the coupling and resulting synchrony of both muskrat and mink populations across Canada. We consider it likely that climate, demonstrated to have been influential over the dynamics of other populations in these ecosystems (21) , is the most likely determinant of these patterns, but that topography may also play an important role. The insight provided by this study will be of value when developing mechanistically based models for explaining geographic patterns in the synchrony and coupling of these populations.
